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Introduction
Secondary active transporters catalyze the accumulation of substrates across biological membranes, often coupling this process to the energetically downhill transport of ions.
To do so, these transporters cycle through a series of conformations whereby the binding sites for the translocated species are alternatively exposed to each side of the membrane, in a mechanism known as 'alternating access' (2) .
One of the best studied superfamilies of secondary-active transporters adopts what is known as the LeuT fold. This protein architecture consists of two repeats of five transmembrane helices, where the two repeats are inserted in the membrane in opposite orientations (3) . Proteins with this architecture include sodium-coupled transporters, such as LeuT (4), from the neurotransmitter:sodium symporter (NSS) family; Mhp1 (5) of the nucleobase:cation symporter-1 (NCS1) family; and BetP (6) from the betaine/choline/carnitine transporter family (BCCT). While these proteins share a common fold and coupling ion, the transport stoichiometry varies; substrate transport by Mhp1 (5) is coupled to the translocation of one sodium ion, which binds at the socalled Na2 site, while LeuT and BetP both couple transport to the flux of two sodium ions, with the additional ion binding to the Na1 or Na1' site, respectively (4, (7) (8) (9) .
Unlike other transporters with the LeuT fold, BetP forms constitutive trimers. Although each BetP protomer is a functional transporting unit, trimerization is required for the response to osmotic stress, which is often referred to as activation (10) . This activation process involves the N-and C-terminal domains of each protomer (11) and modulates (accelerates) the transport kinetics in a manner that depends on intracellular potassium concentration (12) and lipid composition (13) . However, activation is not required for the Na + -coupled uptake of betaine, which occurs at a basal level in the absence of potassium or osmotic stimulation. Through X-ray crystallography, BetP has been captured in almost all expected conformations along the transport cycle (6, (14) (15) (16) , indicating conformational changes between transmembrane helices (TM) 1 1´, 5´, 6´ and 10´ (16) , relative to the helices in the so-called hash domain (TM 3´-4´ and 8´-9´, Figure 1 ). In spite of the unprecedented insights into the conformational cycle of BetP garnered from these structures, the question remains how the interconversion between states is controlled by ion and substrate binding. Spectroscopic methods have great potential to fill that gap. For example, pulsed electron-electron double resonance (PELDOR) spectroscopy, also known as double electron-electron resonance (DEER), has provided important insights into how coupled ions and substrate influence the conformational preferences of LeuT and Mhp1 (17, 18) . Specifically, Mchaourab and collaborators have shown that while the presence of Na + is able to shift LeuT towards outward-facing conformations, Mhp1 requires also substrate binding to stabilize outward-facing conformations albeit while sampling a small population of inward-facing conformations. The different effect of sodium ions on selecting transporter conformations, together with the knowledge that only LeuT has an Na1 binding site, led to the hypothesis that Na1 (and not Na2) binding is required for the inward-to-outward conformational change (17, 18) . However, biochemical accessibility studies of LeuT upon modification of the two binding sites indicated that Na2 suffices to control the inward-to-outward transition (19) , suggesting that other properties of Mhp1 instead contribute to its unexpected conformational preferences.
In PELDOR, a spectroscopic signal resulting from the interaction between two spin labels in a molecular ensemble is used to derive a probability distribution of the spin-to-spin distance. Typically, a pair of nitroxide radicals are covalently attached to cysteine residues introduced at specific positions in the protein using site-directed spin labeling (SDSL). This kind of spin label is relatively flexible, however, posing a challenge for the interpretation of these distance distributions in terms of specific protein conformations.
In principle, molecular dynamics simulations provide a means to overcome this challenge, as they can be used to generate ensembles of spin-label configurations for different protein conformations. Unfortunately, however, conventional molecular dynamics simulations will typically fail to reproduce the probability distributions derived from experiment, either due to insufficient computational sampling, i.e., limited simulation time, or because the starting structure used in the simulation is not a major contributor to the experimental data. Thus, advanced simulation strategies have been developed to ensure that such simulations reproduce the experimental distribution directly, with the minimum perturbation relative to conventional simulations (20) .
However, the high computational cost of these strategies makes full atomistic detail impractical (17, 18) . More recently, a variation of this maximum-entropy approach, known as EBMetaD was developed to make this kind of calculation affordable in atomistic detail (1) .
Thus, to examine how the conformational landscape of BetP is influenced by ion and substrate binding, we performed PELDOR measurements for SDSL BetP proteoliposomes, in the presence of different ion and substrate concentrations, and analyzed the experimental results with EBMetaD simulations of different X-ray structures of the protein. This strategy allowed us to rank each simulated structure based on the ease or difficulty of targeting the experimental distribution. In this way, we examined which of these structures is most representative of the experimental conditions associated with each of the PELDOR measurements.
By the use of this integrative approach, we show that BetP is thermodynamically controlled in a similar manner as Mhp1, but differently from LeuT. Specifically, the presence of the substrate plus sodium ions, appears to foster a mixture of inward-and outward-facing states of BetP, whereas in the absence of betaine, sodium favors an inward-facing state. We discuss the implications of these finding in the context of the osmotic stress-dependent activation mechanism of BetP.
Materials and Methods

Spin label rotamer prediction
The range of possible spin-spin distance values was estimated using the multiscale modeling of macromolecular systems (MMM2015.1) software package (21) (22) (23) to model all possible rotamers of R1 probes attached to either cytoplasmic (S140 and K489) or periplasmic (G450 and S516) sides of BetP. To assess the range of distances arising from spin coupling across protomers, we predicted the rotamers of the spin label on the inward-open trimer (PDB entry 4C7R (14) (14)) states. Since the standard spin label rotamer libraries (R1A_175K and R1A_298K) included, in some cases, only a few rotamers, we used the R1A_298K_xray library (23) . Note that the scope of these calculations is not to predict the exact distance distribution of each conformation, but rather the range of possible distances, so as to facilitate separation of the entire experimental distance distribution into intra-and inter-protomeric spin-spin distances.
Site-directed mutagenesis
Site-directed mutagenesis was performed with the QuickChange Site-directed Mutagenesis Kit II (Stratagen) and PfuUltra DNA polymerase in pASK-IBA5betP plasmid (24) . All the plasmids were fully sequenced to confirm the specific mutation.
Protein expression and purification
Wild type, cysless, and cysteine variants of BetP were produced and purified as described previously (25) using the primers given in Table S1 . Briefly, pASK-IBA5betP wild type and mutants were transformed and heterologously expressed in E. coli One Shot®Invitogen DH5α™-T1. The cells were grown in LB medium with carbenicillin (50 μg/ml) at 37 °C.
Protein expression was induced with anhydrotetracycline (200 μg/l). After centrifugation at 4°C, the cells were resuspended in a buffer containing 50 mM Tris-HCl, pH 7.5, 17.2% glycerol, and 1 mM protease inhibitor pefabloc. Membranes were isolated from broken cells by centrifugation and, subsequently solubilized with 1% β-dodecyl-maltoside (DDM).
Solubilized membranes were loaded on a pre-equilibrated Strep- Tactin Macroprep (IBA)   column and washed with 40 column volumes of 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 8.6% glycerol, and 0.1% DDM. The protein was eluted in the same buffer supplemented with 5 mM desthiobiotin. All purification steps were performed at 4°C. BetP was further purified to remove the unbound spin label by size-exclusion chromatography (SEC). The protein solution was loaded in a superose 6 10/300 column connected to an Äkta system; the column was pre-equilibrated with 25 mM Tris-HCl, pH 7.5, 200 mM NaCl and 0.1%
DDM.
Uptake assays
The protein was reconstituted in E. coli polar lipid extract (Avanti) as described (25, 26) .
Liposomes (20mg/ml) were prepared by extrusion through a filter (polycarbonate membrane, pore size of 400nm, Avestin) and diluted 1:4 in 100 mM KPi pH 7.5. The solution was titrated with 10% (w/v) Triton X-100 and then mixed with the purified protein at a lipid to protein ratio of 30:1 for uptake experiments. The detergent was removed by adding BioBeads SM-2 (Bio-Rad) at ratios (w/w) of 5 (BioBeads/Triton X-100) and 10 (BioBeads/DDM) in 5 steps. The proteoliposomes were centrifuged, washed, and resuspended in 100 mM KPi pH 7.5 buffer to a concentration of 60 mg/ml before freezing in liquid nitrogen, and storing at −80 °C. Uptake of [ 14 C]-labeled glycine betaine were performed as described (25) . Briefly, proteoliposomes were extruded (pore size 400 nm, polycarbonate membrane, Avestin) and centrifuged. Afterward they were resuspended in internal buffer (100 mM KPi pH7.5) to a lipid concentration of 60 mg/ml. Uptake measurement was initiated by diluting proteoliposomes at a ratio of 1:200 in the external buffer (20 mM NaPi pH 7.5, 25 mM NaCl, 50 µM [ 14 C]-labeled glycine betaine, and 1 µM valinomycin). The external osmolarities were adjusted to 0.6 osmol/kg with proline. Samples were filtered for various times through nitrocellulose filters, and the amount of [ 14 C]-glycine betaine incorporated into the proteoliposomes during uptake was determined by scintillation counting.
Site directed spin labeling
Cysteine variants of BetP were labeled with a 30-fold molar excess of the spin label (1oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)methyl methanethiosulfonate, R5). Free spin label was removed by SEC as described in the Protein Expression and Purification section. The spin label concentration was estimated by continuous wave (cw) EPR measurements performed at X-band frequency (9.4 GHz) and used to estimate labeling efficiency based on the protein concentration determined using amido black. Free spin labels were observed at <5% in the sample after SEC purification.
Protein reconstitution for PELDOR measurements
Similar to the protein reconstitution for uptake, the spin labeled protein was added to 
PELDOR measurements
EPR measurements were performed under two experimental conditions, either a saturating concentration of sodium (500 mM NaCl) or saturating concentrations of both sodium and betaine (300 mM NaCl, 5 mM betaine). Measurements were performed with two spin label pairs; S140R5/K489R5 and G450R5/S516R5, both in the background of the C252T cys-less variant.
All PELDOR data were recorded on an ELEXSYS E580 EPR spectrometer (Bruker) equipped with a PELDOR unit (E580-400U, Bruker), a Bruker-D2 resonator for Q-Band frequencies using a 10W Amplifier, a continuous-flow helium cryostat (CF935, Oxford Instruments), and a temperature control system (ITC 502, Oxford Instruments). A dead-time free, fourpulse sequence was used with phase-cycled π/2, ESSEM averaging (8x16ns), 20ns pump, and 32 ns detection pulses (27) .
PELDOR analysis
The use of a 6-spin system raises the possibility of ghost signals due to multi-spin effects, which might mask peaks or create additional peaks at short distances (28, 29) .
We therefore took steps during data processing to mitigate such effects (see Supporting Information). In addition, rotamer library-based modeling indicates that these effects will be negligible in our case (see Supporting Information, Figure S1 ).
Molecular dynamics simulation setup
Simulations were performed on monomers isolated from three different trimeric crystal structures, representing the substrate-free inward conformation (PDB entry 4C7R chain C, 2.7 Å resolution (14) Table S2 ) and analysis of the stability of contacts during molecular simulations (not shown). However, for Asp470, the predicted pKa of Asp470 was close to 7 for some states (Table S2) , and therefore for every conformation, we generated two systems: one with Asp470 protonated and the other with Asp470 deprotonated.
All proteins were embedded in a hydrated (~15,000 waters) bilayer of 219 palmitoyl oleyl phosphatidyl-glycerol (POPG) lipids with GRIFFIN (31) . All systems were set to neutral by modifying the number of sodium (254-259) and chloride ions (25) (26) (27) (28) (29) (30) in the bulk water.
Each system was subsequently equilibrated for 20 ns by a series of restrained simulations, involving 2 ns trajectories with stepwise release of harmonic positional restraints, as follows: a) 15 kcal/mol A -2 applied to side chains, backbone, and ligands; b) backbone and ligand restraints of 15 kcal/mol A -2 and side chain restraints of 4 kcal/mol A -2 ; c) Ca atoms and ligand restraints of 15 kcal/mol A -2 , backbone restraints of 4 kcal/mol A -2 and side chain restraints of 1 kcal/mol A -2 ; d) ligand restraints of 15 kcal/mol A -2 , Ca atom restraints of 4 kcal/mol A -2 , and side chain restraints of 1 kcal/mol A -2 . In the final 4-ns long step, the Ca atoms restraint was 1 kcal/mol A -2 , and the ligand restraint was 4 kcal/mol A -2 . This was followed by 108 ns of unconstrained equilibration. Pairs of R5 spin labels were then added at Ser140 and Lys489 (cytoplasmic pair) or at Gly450 and Ser516 (periplasmic pair) using the CHARMM-GUI (32). The labeled system was further equilibrated for 100 ns.
In all simulations, to prevent substrate and ion unbinding from the simulated open structures, while not explicitly defining their exact (unknown) coordination, we loosely restrain each substrate to its cavity by applying restraints based on a coordination number (C num ) variable defined as: 12 3 , where the i index refers to the ligand (sodium or betaine nitrogen atom) and j indicates the protein atoms coordinated to this ligand. The Na1 site was defined as the side-chain oxygen of residues Thr250 and Thr246 and the backbone oxygen of Thr246 (8) . The Na2 site was defined as the oxygen of the side chains of residue Thr467 and Ser468 and the backbone side chain of residue Met150. The betaine nitrogen atom was coordinated with the Cg atom of Trp377, the Oh atom of Tyr197 and the backbone oxygen of Ala148. The cutoff, R, was set to 2.5 for sodium coordination and to 2.0 for betaine coordination. In addition, a harmonic restraint of 50 kcal/mol was applied that prevents the Na1 coordination from adopting values <1.3 Å, Na2 coordination <2.1 Å and betaine coordination <2.0 Å. Molecular dynamics simulations were performed using NAMD v2.9 (33) . The Ensemble-Biased Metadynamics (EBMetaD) was performed with a modified version of PLUMED v1.3 The CHARMM36 force field (36) (37) (38) was used for the protein, lipid and ions; TIP3P for the water molecules (39); and betaine parameters from Ma et al (40) . The simulations were performed at constant temperature (298 K) and pressure (1 atm), imposed with a Nosé-Hoover Langevin barostat and thermostat. The membrane area was kept constant and periodic boundary conditions were used in all directions. The time step of the simulations was 2 fs. Electrostatic interactions were calculated using particle mesh Ewald with a realspace cutoff of 12 Å. The cutoff of van der Waals interactions was also set to 12 Å. A switching function starting at 10 Å was applied to both electrostatic and van der Waals interactions.
Biasing the simulated ensemble to the experimental distance distribution
The target distance distribution was enforced using EBMetaD (1) on the centers of mass of the two spin label nitroxide bonds. Briefly, this method adds an adaptive biasing potential in the form of additive Gaussians to the underlying force field during the simulations. Unlike canonical metadynamics, the height of each applied Gaussian depends on the probability of the targeted distribution, such that the Gaussian will be larger for low probability regions and smaller for high probability regions. Importantly, the bias introduced during the simulations is the minimum necessary to fulfill the target distribution, preventing overfitting to the distance data.
Analysis of the applied work and biased trajectories
From the bias potential applied during a simulation we define the work along the distance distribution, W to be:
where r is the nitroxide-nitroxide distance, r(r) is the experimental distance distribution being targeted, k is the Boltzmann constant, and T is the temperature. The quantity
is the average bias potential added during a simulation of length t tot , in which ( , ) is the bias potential added at time t. Here, F ( ) is averaged over the last 0.8 µs of each 1-µs enhanced simulation, i.e., excluding the initial "filling" time, L = 0.2 µs. The offset term F = ∫ ( ) F ( ) is defined as the mean value of F ( ) over the experimental distance distribution and allows for comparison between simulations with different starting structures.
To evaluate the effect of the bias on the distance distributions, de-biased distance distributions were computed as follows:
where ( ) = − F ( ) − Gr( )M is the free energy of an unbiased simulation as a function of the spin-label distance, (eq. 6 in (1)), and C is a normalization factor, = ∫ AY(@) BC .
To isolate distances potentially arising from inter-protomer coupling, we computed the work required to bias the trajectory to the distribution only in a specific distance range.
To this end, in the work calculation we considered a modified average bias potential, F ( ) *\* ]^_ , that was assumed to be flat for distances r above a threshold distance, r max , which was set to 37 Å. In this case, we also modified the reference experimental distribution ( modified ) to account for the bias potential change. Thus,
where C' is a normalization factor, ′ = ∫ AY(@)A> ? (@) @c@ ]^_
BC
.
Results
BetP retains functionality upon introduction of periplasmic or cytoplasmic spin-labels
Nitroxide radicals were introduced at different positions of the cysteine-less BetP mutant C252T (11, 25) by site-directed spin labeling. BetP is a homotrimer (Figure 1) , but each of the protomers is functional, and operates independently (41) . Therefore, two spin labels must be introduced on each protomer to report on transport-related conformational changes. Here, we covalently linked methyl methanethiosulfonate R5 spin labels to two different residues in each protomer, resulting in a total of six spins.
We designed these systems based on three considerations. First, the spin-labels should report on distances between helices involved in the conformational changes implied by available crystal structures ( Figure 1C-D) , namely TM helices 1´, 5´, 6´ and 10´ (16), relative to TM helices 3´-4´ and 8´-9´ (i.e., the so-called hash domain). Second, the intraprotomer spin-spin distances should be shorter than the inter-protomer distances, to facilitate the interpretation of the results. Finally, the labelled protein should be functional.
Comparison of the known structures of BetP suggests that the transport cycle involves structural states that differ only by ~ 5 Å. This relatively small magnitude, combined with the three requirements mentioned above, limited the number of possible positions for the spin labels. Among the positions tested (Table S3) , we ultimately used S140R5/K489R5 to track possible conformational changes of TM 1´ relative to TM 9´, which opens the cytoplasmic pathway in the crystal structures ( Figure 1B, 1D) . On the periplasmic surface of the transporter, we used G450R5/S516R5 to assess the displacement of TM 10´, which gates the periplasmic pathway relative to TM 8´ ( Figure   1A, 1C) . For both pairs, R5 labelling was achieved with high efficiency (Table S3) .
betaine uptake measurements of spin-labelled proteoliposomes show both constructs are functional: S140R5/K489R5 retains activity but at a diminished rate, whereas the activity of G450R5/S516R5 is only slightly decreased compared to the wildtype (Figure   2 ).
Distance between periplasmic spin labels differs in presence or absence of betaine
Having confirmed the functionality of our two spin-labeled constructs, we then measured the interaction between the spins using PELDOR (Figure 3) . The measurements were performed in proteoliposomes (42) , which represent a more native environment than, say, detergent micelles. We specifically asked how the conformational preferences of the transporter are influenced by the presence of its two substrates, sodium and betaine. We therefore tested two reference conditions, namely a saturating concentration of sodium (500 mM NaCl inside and outside the proteoliposomes) and saturating concentrations of both sodium and substrate (300 mM NaCl, 5 mM betaine, inside and outside the proteoliposomes). For the cytoplasmic spinlabel pair (S140R5/K489R5), the distance distributions are very broad, and are comparable in the two conditions tested (Figure 3B ). This result suggests either that the conformation of the protein in this region does not change measurably under these two conditions, or that this conformational change is masked by the intrinsic flexibility of the spin labels. By contrast, the distribution of distances for the periplasmic pair (G450R5/S516R5) features an additional peak at shorter distances (r < 30 Å) when both betaine and sodium are present compared to sodium alone (Figure 3D) . A relative displacement of G450 and S516 is consistent with crystal structures of BetP in inwardand outward-facing states; however, the distance change between the respective Cα atoms that is implied by these structures is only ~2 Å (PDB 4C7R_A at 28.7 Å and PDB 4DOJ_B at 30.6 Å, respectively), i.e. a value much smaller than the overall width of the PELDOR distance distributions (Figure 3D ). Based on this data, it is therefore non-trivial to establish a correspondence between a given substrate condition and the preferred structural state of the transporter.
EBMetaD simulations of the BetP protomer converge on the experimental distribution
To formulate a structural interpretation of the PELDOR data, we resorted to using molecular dynamics simulations. Specifically, we employed a recently developed enhanced-sampling technique known as EBMetaD (1) to construct conformational ensembles that reproduce the PELDOR distance distributions, using different crystal structures as the starting point. We then asked which of these input structures is most representative of the calculated ensemble representing the experiment.
BetP forms homotrimers, and the trimerization interface is believed to regulate the kinetics of the transporter in a K + -dependent manner. However, the monomeric protein is stable and fully functional. Therefore, for simplicity and maximal computational efficiency, the simulation system used here is a BetP monomer and not a trimer. Since the PELDOR measurements were performed on the trimer, we modified the experimental distance distributions by excluding contributions within the range of values that could only correspond to interactions between spin labels in different protomers. To identify this distance range, we modeled and analyzed a diverse ensemble of spin-label rotamers at either cytoplasmic (S140 and K489) or periplasmic (G450 and S516) positions (see Methods) and computed the distances between the nitroxide groups in spin-label pairs in the same protomer, for the outward-facing, inward-facing, and closed conformations of the transporter (Figure S2A, S2C) . Based on this analysis, we concluded that the maximum possible distance for intra-protomer spin coupling is ~45 Å. Thus, the peak at ~60 Å observed in the PELDOR distance distributions ( Figure 3D ) likely reflects the interaction between labels in different protomers. We therefore filtered out this peak by fitting a Gaussian curve to it and subtracting that Gaussian from the experimental data (Figure S2E, S2F) . Although the result of this procedure is only an approximation, it is worth noting that the region of the distribution that is altered (peak ~42 Å) is similar in the two experimental conditions considered, which is therefore not very informative. The most important differences are observed in the 15-30 Å range (Figure 3D) , which is not influenced by this filtering procedure. Thus, comparison of simulations guided by the filtered distributions is a valid strategy to establish the desired correspondence between conformational states and specific experimental conditions.
Using the filtered distance distributions as target, EBmetaD simulations were initiated for structures of either the outward-or the inward-facing state, and either with two sodium ions bound or with two sodium ions plus a betaine molecule bound, depending on the experimental condition being compared. Finally, since the protonation state of Asp470 was found to be sensitive to the structure of the protein (Figure 4 , Supporting Information), each simulation was repeated with Asp470 either protonated or deprotonated.
To assess whether these simulations were sufficiently long, we compared the distribution of spin-label distances obtained during the simulations with the experimental distance distribution. After 1 μs of sampling time, all the simulations had converged to match exactly the experimental distance distributions, even for the more challenging case in which the distribution includes two peaks (Figure 5) .
The periplasmic pathway is closed in the presence of sodium
To establish which structure of BetP best represents the spectroscopic data measured in proteoliposomes, we defined a metric of the consistency of the simulated conformational ensemble with the PELDOR distributions. Specifically, we computed the work performed by EBMetaD to bias each simulation to reproduce the target distribution (Figure 6) . We found that, for the data measured in the presence of sodium alone, simulations of the sodium-bound inward-facing structure required less work than simulations of the sodium-bound outward-facing structure to create an ensemble matching the experimental distribution (Figure 6) .
Since G450 and S516 are on the periplasmic surface of the protein, the above result suggests that, in the presence of sodium, the periplasmic pathway is closed. However, given their location, these probes might equally be reporting on the closed state rather than the inward-open conformation simulated here. We therefore repeated the simulations using BetP monomers with probes attached on the cytoplasmic side at S140 and K489, whose distances were biased to the distribution obtained for S140R5/K489R5
in the presence of sodium (Figure 3B, black line) . In this case, the protonated, outwardfacing conformation required the largest magnitude of work (Figure 4, light bars) . By contrast, simulations of the outward-facing state with Asp470 deprotonated, and both protonation states of the inward-facing state required less work to match the PELDOR distribution. However, it was not possible to distinguish between these three simulations within the error of the calculation. Based on this data, it would appear that in the presence of sodium alone the periplasmic probes are reporting on a closed periplasmic pathway, while the cytoplasmic probes are unable to distinguish whether the cytoplasmic pathway is open or closed. Since the closed state should not be populated in high sodium concentrations, we conclude that the preferred state of BetP under these conditions is the inward-facing conformation.
In the presence of sodium and betaine, inward and outward conformations coexist
We next asked whether BetP has a preferred conformation under saturating conditions of both sodium and betaine, and how betaine alters that preference compared to sodium alone. In the presence of 300 mM NaCl and 5 mM betaine, the measured distance distribution for G450R5/S516R5 reveals a peak at distances of ~25 Å ( Figure   3D ). Molecular dynamics simulations of BetP bound to both betaine and sodium required more work to bias to the experimental distribution than was required for the equivalent systems with only sodium ions bound (Figure 6) . This result suggests that no single starting structure accurately reflects the experimental ensemble obtained in the presence of betaine, consistent with the expectation that BetP can stochastically interconvert between inward-and outward-facing conformations when all required substrates are bound.
Inward-facing state is the most compatible with sodium-only condition
To understand how the EBMetaD bias modifies the conformational preference for the labelled protein during the simulations, we de-biased the spin-label distance distribution obtained for the periplasmic probes (see Methods). The de-biasing procedure results in a distribution that mimics, approximately, the distances that might be obtained from a sufficiently long unbiased simulation, i.e., carried out with conventional molecular dynamics. Compared to the experimental distribution measured in the presence of sodium, which is >20 Å wide, and contains a large peak at ~43 Å, the distributions obtained after de-biasing are significantly sharper (Figure 7A) . For the simulations of the outward-facing state, these peaks are centered around 32-37Å (Figure 7A, red) , and therefore these trajectories poorly mimic the experimental distribution. This explains why additional bias was required to sample conformations in which the spin labels are further apart. In contrast, for the simulations of the inward-facing conformation, the spin label distance distributions obtained after de-biasing illustrate a better agreement with the width of the experimental distribution (Figure 7A, blue) . Moreover, the distribution obtained for the simulation in which Asp470 was deprotonated illustrates that this system freely accesses conformations with a distance of ~43 Å, consistent with the experimental observation. The close correspondence of the experimental and debiased distributions may explain why the simulations of the inward-facing conformations required less work to achieve the experimental distance distribution (Figure 6) .
No simulation encompasses the distribution obtained in the presence of betaine
In the presence of both betaine and sodium, the experimental distribution contains two distinct peaks and spans an even larger range of spin label distances (>35 Å) ( Figure 7B) .
None of the simulations adequately matches either the range or the peak distribution for this data, which is reflected in the higher work needed to converge the experimental distance distribution under this condition, relative to the measurements performed in the presence of sodium alone. This suggests that the experimental distribution may reflect a mixture of states, or perhaps an additional state, such as the close state, not analyzed here.
The bias acts primarily on the label orientation, not the protein backbone
Clearly, a spin-label distance distribution is not a simple measure of the sampled protein conformation, as it also reflects the relative dynamics of the spin labels. To examine whether the EBMetaD bias is primarily affecting the spin-label orientations or the protein backbone, we computed the angle between the spin labels, as well as the distance between the Cα atoms to which the labels are connected. In particular, we compare the results for these metrics obtained before and after de-biasing the trajectories. The Cα-Cα distance distributions are very similar in the biased and debiased trajectories, for all simulations, and under both conditions, indicating that EBMetaD was not strongly biasing the backbones of TM 8' and 10' (Figure 8A-B) .
Notably, these data illustrate how even for a single state of the transporter, the distance between these two helices fluctuates by 6-10 Å, which is larger than the difference between the equivalent distances in the structures (~2 Å).
Unlike the Cα-Cα distances, the distribution of the angles between the spin labels is significantly different after de-biasing, for almost all of the simulated systems ( Figure   8C-D) . The exception is the simulation of the inward-open state with Asp470 deprotonated and in the presence of sodium alone (Figure 8C) . Thus, in the background of 6-10 Å fluctuations of the protein backbone, sampling of the complete experimental distance distribution was achieved primarily by modifying the relative orientation of the spin labels.
Discussion
The increasing availability of a range of structural and biophysical information for proteins such as BetP has revolutionized the membrane transport field, but has also presented challenges, in that different sources of data often appear to be incompatible or not clearly consistent. In this context, novel strategies to evaluate and integrate different kinds of experimental data with atomistic, dynamic representations of these proteins and their environments have the potential to drive unprecedented mechanistic insights. In the case of BetP, for example, the small distance changes implied by capture betaine from the extracellular solution, which would suggest a preference for the outward-facing state in the presence of sodium, like LeuT (18, 19) . Nevertheless, our observations for BetP are consistent with EPR measurements on Mhp1 (14, 17) , and with the fact that BetP crystallizes preferentially in inward-facing conformations in saturating sodium concentrations (16) .
Sensitivity of the methodology to the experimental distribution
In this study, the EBMetaD methodology was used to reproduce distributions that had been obtained by Tikhonov regularization of the PELDOR time traces. However, the Tikhonov regularization does not result in a unique solution and therefore it is possible that the magnitude of the biasing work applied during the simulations would differ if a different solution were to be considered. A similar concern relates to the postprocessing of the periplasmic spin-label distributions to remove inter-protomer contributions. To assess the extent to which our conclusions might be dependent on these choices, we recomputed the biasing work that is required to enforce the experimental distributions on the periplasmic pair, but only for distances <37 Å, i.e., excluding the contributions from the peak at ~42 Å that is present in both conditions ( Figure 3D) . This analysis reproduced the trends observed for the entire distribution (Figure 9) . First, simulations initiated with the inward-open structure required less work to reproduce the target distributions, both in the presence and absence of betaine. And second, the simulations in the presence of both sodium and betaine required more work to reproduce the corresponding distribution than the simulations in the presence of sodium alone. Thus, although the specific value of the work applied may vary somewhat, the overall strategy appears not to be sensitive to the features of the peak at ~42 Å; thus, it is also unlikely to be sensitive to variations in the solution of the Tikhonov regularization procedure.
The role of Asp470 in transport
The protonation state of Asp470 computed using electrostatics calculations was sensitive to the conformation of the protein and the presence or absence of its substrates, suggesting that the transport cycle of BetP entails protonation and deprotonation of this residue. Since proton gradients are unable to drive betaine uptake for BetP, however, we propose that Asp470 binds and releases protons from the same side of the membrane, namely the cytoplasm. Specifically, our calculations suggest that release of betaine and sodium from the inward-facing state is fostered by protonation of Asp470, and that this proton has to be released back into the cytoplasm for BetP to reset the transport cycle via the closed and outward-open apo states. It is worth noting that Asp470 is conserved among sodium-dependent transporters of the BCCT family (6) and therefore may play a role in sodium recognition. It will be interesting to explore the pH dependence of transport in BetP and its relationship with the nature of the side chain at position 470.
It could be argued that the conformational preference of BetP in crystals reflects the low pH (5.5) used in the crystallization conditions, which would favor protonation of Asp470 and thereby inward-facing states. However, the results from the simulations show that the transporter adopts an inward-facing conformation in the presence of sodium even at pH 7.5, which is the condition of the PELDOR measurements. Therefore, low pH may instead be required to stabilize crystal contacts involving other ionizable residues in the protein.
The role of concentration gradients
The PELDOR measurements carried out here utilized equal concentrations of substrates on either side of the proteoliposome membrane. The reason for this choice is that the orientation of BetP is unknown, and therefore this protocol ensures that all proteins will experience the same environment. As mentioned, the observation that BetP an inward-oriented sodium gradient were applied. Assuming that a gradient would not alter the conformational preference observed in proteoliposomes, the question that arises is why BetP is not primarily outward-facing in the presence of sodium. An intriguing possible explanation relates to the activation of transport in response to osmotic stress. This activation process is triggered by an increase in the intracellular potassium concentration, and accelerates transport by up to two orders of magnitude (25, 43) . If the rate-limiting step of the transport cycle is the resetting of apo BetP from the inward-to the outward-facing state, then activation might be achieved simply by changing the relative stabilities of these two states, and/or by reducing the kinetic barrier to the closure of the intracellular pathway. Measurements of the effect of potassium on the conformational equilibrium may help examine this possibility.
However, if measured differences in the presence of potassium fall within the range of the probe flexibility, it will not be possible at this stage to use molecular simulations to help interpret those data, because the mechanism of activation involves intratrimer interactions between cytoplasmic segments whose structures remain poorly characterized.
In summary, this study provides insights into transport cycle of BetP and how the conformational preferences of this transporter are altered upon recognition of its substrates. More broadly, this work illustrates the potential of EBMetaD simulations to facilitate an integrative, molecular-level interpretation of structural and spectroscopic data on membrane proteins. used were 4C7R_C for the apo state, 4AIN_C both for the fully-loaded state, and the betaine plus Na1' state. Data for the outward-facing conformations are taken from (15) , and were obtained from the crystal structure of G153D mutant that was in silico mutated back to the wildtype sequence, while the choline molecule was substituted by a betaine molecule. The 
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Processing the PELDOR data for multi-spin contributions
In the configuration of two spin labels on each protomer, BetP contains six spin labels per trimer. Aside from the large number (i.e., 15) of expected different spin-spin interactions, the presence of multiple labels also raises the possibility of more than two spins coupling with each other. That is, a three (or more) spin system could not only lead to the expected 3 distances, but also to additional ghost distances due to trigonometric function with non-linear relation. These ghost distances would be due to larger (artificial) frequency and therefore the ghost peaks would show up at shorter distances than expected. The probability of observing such ghost distances depends on the modulation depth of the signal, which in turn depends on the power of the applied microwave. While more 'modern' Q-Band spectrometers with high 150W microwave power could result in depths of 50% or more, we obtained data with relatively low modulation depth values (~20%), which helped to reduce multi-spin signals. The second technique used to reduce such ghost peaks is power scaling of the recorded PELDOR time traces (1) . Specifically, the normalized time trace is scaled by the power of 1/(n-1), where the contributing number of spins is n. In practice, this was accomplished by analyzing the PELDOR time traces using the 'ghost spin' option in the DeerAnalysis software, rescaling them by the power of 1/5, assuming six spins.
Assessing the contribution of multi-spin dipolar couplings
To assess the likely contribution from multi-spin dipolar couplings, we used MMM 2013 to model the rotamer states of the MTSSL spin label on positions 450 and 516 of an X-ray structure of the BetP trimer (PDB entry 4DOJ). First, to identify the contributions from intra-and interprotomer spin label pairs that would occur in the absence of multi-spin coupling, we modeled specific pairs of spin labels and computed the corresponding spin-spin distances, as well as the predicted PELDOR time traces for various combinations thereof. Second, we generated models of the BetP trimer containing all six spin labels, for which we computed the corresponding distance distributions and the PELDOR time traces, including all multiple spin effects that are theoretically possible. This predicted PELDOR trace should be directly comparable with the experimental data. To identify the ghost peaks in the MMM 6-spin distance distribution, the predicted PELDOR time traces were then analyzed with DeerAnalysis to reverse engineer a distance distribution, using the same power-scaled approach used for the experimental data.
Specifically, the simulation assumed a modulation depth of 22% and, prior to applying Tikhonov regularization, the time traces were rescaled to the power of 1/5, to reduce ghost effects.
The MMM-simulated PELDOR distance distributions and time traces are shown in Figure S1 .
Importantly, the complete distance distribution of the MMM 6-spin structural ensemble (black, Figure S1A ) is very similar to the reverse-engineered distribution from a simulated PELDOR time trace in which all multiple spin effects were taken into account (cyan, Figure S1A ). In particular, no additional peak in the distance distribution at short distances, i.e., shorter than the intraprotomer distances (red, Figure S1A) , was generated when incorporating the multi-spin effect.
We note that although some variation is visible at larger distances, such effects would be negligible for time traces containing noise at levels encountered in typical experiments.
Assigning the protonation state of ionizable residues in BetP
Classical molecular dynamics simulations do not allow for bond breaking or formation, including protonation or deprotonation of ionizable side chains. Therefore, the ionization states of such residues must be assigned at the start of the simulations. Continuum electrostatics calculations previously revealed two ionizable residues buried in the core transmembrane region of the protein whose protonation states might be non-standard at neutral pH, namely Glu161 from TM 1' and Asp470, from TM 8' (2). However, these calculations were carried out only using the outward-facing structure. Since the pKa of a given residue can depend on the conformation of the protein around it, we therefore extended the earlier calculations to consider also the other major states of the transport cycle that have been characterized crystallographically (Figure 4 , Table S2 ).
The pKa calculations clearly indicated that Glu161 is likely to be protonated at pH 7 in all conformational states of BetP, with the only exception being the substrate-and sodium-bound outward-facing conformation when assuming a dielectric constant for the protein, ε of 8 (Table   S2 ). This result might reflect the proximity of Glu161 to Gly153, which was mutated to aspartate in this crystal structure (2) and whose charge could modify the conformation or hydration close pKa values were computed for different structures in order of the steps in the physiological transport cycle, with the continuum electrostatics method MCCE (3) and with the protein dielectric constant set to 4 or 8. In bold are highlighted the results for the inward-and outwardfacing conformations, as distinct from the closed states, in which both pathways are occluded.
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*Data for the outward-facing state are taken from (2), and were obtained from the crystal structure of G153D mutant that was in silico mutated back to the wildtype sequence, while the choline molecule was substituted by a betaine molecule.
